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Abstract 9 
Dropstones of ice-rafted origin are typically cited as key cold-climate evidence in Cryogenian strata, 10 
and according to conventional wisdom should not occur in post-glacial, warm water carbonates. In 11 
Namibia, the Chuos Formation (early Cryogenian) contains abundant dropstone-bearing intervals 12 
and striated clasts. It is capped by the Rasthof Formation, comprising laminites in its lower portion, 13 
and microbial carbonates above. These laminites are locally found to contain pebble- and granule-14 
sized lonestones in abundance. At Omutirapo (Fig. 1), metre-thick floatstone beds occur at the flanks 15 
of a Chuos palaeovalley, and are readily interpreted as mass flow deposits. At Rasthof Farm, 16 
however, the clasts warp, deflect and penetrate hundreds of carbonate laminations at both the 17 
outcrop and thin section scale. We propose that these are dropstones, and envisage an ice-rafting 18 
mechanism. Evidence for vestigial glaciation concomitant with cap carbonate deposition thus merits 19 






The glacial affinity of diamictites and lonestone-bearing sedimentary rocks in the Cryogenian record 24 
is compelling (Hoffman and Halverson, 2008; Le Heron et al., 2013; Busfield et al., 2013; Bechstädt et 25 
al., 2018; Hoffman et al., 2017). By comparison, all models for cap carbonates envisage a postglacial 26 
origin (Yu et al., 2020). These are commonly thought to record a high alkalinity flux and sudden 27 
oceanic oxidation following rapid meltback of global ice cover (e.g. Shields, 2005; Hoffman et al., 28 
1998), possibly representing stratigraphic condensation during globally synchronous deglaciation 29 
(Rooney et al., 2020).  30 
In Namibia, the Chuos Formation (of glacial origin) is overlain by the Rasthof Formation (cap 31 
carbonate) that is interpreted to record the abrupt change to a significantly warmer greenhouse 32 
climate (Hoffmann and Prave, 2004; Hoffman et al., 2017). Here, we compare evidence from two 33 
outcrops of the Rasthof Formation, both of which contain clast-rich intervals sandwiched between 34 
clast-free dololaminites. One of these (from Omutirapo) represents a mass flow deposit; another 35 
from Rasthof Farm, with lonestones puncturing delicate laminites, is interpreted as a cluster of ice-36 
rafted dropstones. We posit that the dropstones require the presence of floating ice to explain their 37 
occurrence in the purportedly warm water cap carbonates, with implications for Cryogenian 38 
deglaciation on a global-scale. 39 
 40 
GEOLOGIC BACKGROUND AND STUDY AREA 41 
Cryogenian glacial (diamictite-bearing siliciclastics) and postglacial (cap carbonate) rocks crop out 42 
along the southern and western flanks of the Owambo Basin, northern Namibia (Fig. 1) (Miller, 43 
2008). Diamictite-bearing rocks of the Chuos Formation sit unconformably upon the Nosib 44 
Sandstone Group, with the Rasthof Formation in turn lying above (Fig. 2). At Omutirapo (Fig. 1), the 45 
Chuos Formation attains >400 m thickness in a glacial palaeovalley and is interbedded with 46 
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lonestone-bearing and lonestone-free intervals (Le Heron et al., 2013), which record glacial to 47 
interglacial transitions. Subsequent work (Hoffman et al., 2017) at Omutirapo has confirmed earlier 48 
interpretations of a major subglacial topography. Detailed micromorphological studies have 49 
distinguished glacial from non-glacial modes of emplacement for diamictites by comparison to 50 
modern and Quaternary subglacial diamicts (Busfield et al., 2013; Busfield and Le Heron, 2018). The 51 
role of mass flow sedimentation in the Chuos (Eyles and Januszczcak, 2007) remains undisputed 52 
although the evidence for glacial processes also remains strong (Le Heron et al., 2013). The Rasthof 53 
Formation is a cap carbonate that directly overlies the Chuos (Hoffman and Halverson, 2008), and 54 
which comprises a micritic dololaminite member overlain by a microbial member comprising 55 
stromatolites and thrombolites (Le Ber et al., 2013). A marine origin is suggested on account of the 56 
agglutinated foraminifera that it contains (e.g. Bosak et al., 2012, Dalton et al., 2013). In 57 
palaeogeographic terms, the study areas represent rocks deposited on a stable marine platform (the 58 
Northern Platform: Hoffman et al., 2008). A second diamictite-rich interval, the Ghaub Formation, 59 
occurs at a higher level in the stratigraphy.  Bechstädt et al. (2018) noted that a non-glacial origin for 60 
the diamictites “is questioned by possible dropstones that occur in beds transitional to and, rarely, 61 
also within the cap carbonates”.  Thus, the occurrence of “possible dropstones” in other cap 62 
carbonate successions, such as the Rasthof Formation, merits reappraisal.  63 
 64 
DESCRIPTION 65 
We studied two exposures in which outsized clasts (lonestones) occur within the Rasthof Formation. 66 
These are (i) the Omutirapo succession and (ii) at Rasthof Farm (Fig. 1). In both cases, the uppermost 67 
part of the Chuos Formation comprises massive diamictite, and the basal part of the Rasthof 68 
Formation comprises delicately laminated dolomicrites which sit in sharp contact upon the 69 
underlying glacial deposits (Fig. 2, Fig. 3 A). Lonestone-bearing carbonates (granule to pebble-sized 70 
clasts embedded in a micrite matrix) are common. Two subfacies are recognised.  First, at 71 
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Omutirapo, ca. 10 m thick laminated dolomicrites contain a 1 m thick floatstone bed (Fig. 3 B) which 72 
passes along strike over ca. 100 m into normally-graded packstones (Fig. 3 C). The floatstone interval 73 
contains sub-rounded to rounded, equant, dolostone clasts (Fig. 3 D), with highly attenuated, 74 
bedding parallel clasts in the basal 10 cm (Fig. 3 E). Second, at Rasthof Farm (Fig. 2, Fig. 4 A), a 50 cm 75 
interval of mm-thick laminated dolomicrites, contains abundant granule to small pebble-sized 76 
lonestones up to 2 cm diameter (Fig. 4 B). At the outcrop / hand-specimen scale, lonestone-bearing 77 
laminations are sandwiched between dololaminites in which outsized clasts are absent (Fig. 4 B). 78 
Most lonestones exhibit both impact structures beneath them, and draping lamination (undisturbed 79 
dololaminae) overlie them (Fig. 4 B-E). Small, lens-like clast clusters (Fig. 4 B) also occur. Clasts 80 
include abundant dolomite granules, quartz (Fig. 4 C, D) and lithic fragments (Fig. 4 E). At the thin-81 
section scale, the occurrence of lonestones at multiple levels is demonstrable (Fig. 4 F). Both 82 
irregular clast clusters and individual clasts, including 1 cm diameter intraclasts (Fig. 4 F) punctuate 83 
mm-thick laminae, and are draped by undisturbed dolomicrite laminae. A full 3D model of the 84 
sampled interval is available as Supplementary Material. 85 
 86 
INTERPRETATION 87 
The lonestone-bearing carbonates at Omutirapo and Rasthof Farm are attributable to two different 88 
processes. At Omutirapo, the absence of laminations (Fig. 3 C) is compatible with gravitational 89 
emplacement as previously suggested (Hoffman et al., 2008), in which attenuated basal clasts (Fig. 3 90 
E) probably record shearing at the base of a mass flow. Cap carbonate collapse facies are now widely 91 
recognised elsewhere (e.g. Creveling et al., 2016), and at Omutirapo, a non-glacial mechanism is 92 
envisaged. At Rasthof Farm, by contrast, we propose that the lonestone-bearing laminite interval 93 
records ice-rafted deposition. Puncturing of mm-thick laminae by granule- to pebble-sized clasts 94 
testifies to their emplacement from above, representing settling through a water column. They are 95 
thus interpreted as ice rafted debris (IRD). Their presence within finely laminated dolomicrites is 96 
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thus hydrodynamically paradoxical (Bennett et al., 1996). The clast clusters are interpreted as 97 
sedimentary pellets (Tomkins et al., 2008). Although there is a tradition of recognising “outrunner 98 
clasts” from debris flows where an ice-rafted mechanism is not appealing (Kennedy and Eyles, 2020), 99 
this process cannot explain granule and pebble-sized clasts in laminated dolomicrites. This is because 100 
although hydroplaning beneath much larger-scale “outrunner blocks” e.g. in olistostromes is 101 
possible, the mechanics do not work at the finer-grained end of the Udden-Wentworth scale (Peakall 102 
et al., 2020). Furthermore, the absence in the study interval of wave-ripple (Lamb et al., 2012) or 103 
hummocky cross stratification structures locally seen elsewhere in the Rasthof (Le Ber et al., 2013) 104 
rules out a tractive origin for the lonestones. 105 
In the Paleozoic record, kelp or fucid rafting explains some dropstones (Zalasiewicz and 106 
Taylor, 2001). Time-calibrated phylogeny of green seaweeds (Del Cortona et al., 2020) suggests that 107 
their ancestors may have been present in the Cryogenian. Yet rafting by seaweeds torn from the 108 
shore (e.g. by storms) is incompatible with interpretations of the dololaminites in the Rasthof. These, 109 
like other dololaminites in cap carbonates record pelagic precipitation, irrespective whether this is 110 
chemically or biogenically mediated (c.f. Hoffman and Schrag, 2002; Shields, 2005; Kennedy and 111 
Christie-Blick, 2011). Thus, given the absence of other mechanisms which could adequately explain 112 
the emplacement of dropstones (seaweed rafting, driftwood rafting, gastroliths: Bennett et al., 113 
1996) we find that they indicate floating ice during Rasthof deposition.  This finding is significant, 114 
because “no convincing dropstone has been confirmed from cap dolostone units anywhere in the 115 







DISCUSSION AND CONCLUSIONS 121 
Two scenarios for the IRD emerge: (i) as glacial sediment advected into open water by either an ice 122 
shelf or calving icebergs, or alternatively (ii) through melting sea ice. Additional physical evidence for 123 
iceberg activity (e.g. iceberg keel plough marks: Vesely and Assine, 2014) has never been found in 124 
the Cryogenian record. Analysis of cores through Heinrich layers in the polar North Atlantic reveals 125 
IRD are up to small pebble-size and concentrated along discrete horizons and linked to major iceberg 126 
calving events (Hodell et al., 2017). In contrast, the Rasthof Farm IRD are scattered over hundreds of 127 
laminations, suggesting multiple ice melting events.  128 
The development of floating sea ice or ice shelves must therefore be considered. Pebble-129 
sized clasts, deposited through shorefast ice in large lakes can also occur (Oviatt, 2018), and thus 130 
clast size is of little use in inferring the nature of the floating ice source. In modern high latitude 131 
settings such as the Antarctic Peninsula, eolian sediment is transported over seasonal sea ice during 132 
the winter months. Upon melting, sand particles are released into the open marine environment 133 
(Chewings et al., 2014). These processes result in dispersed sand and granule sized particles in 134 
laminites. The same processes explain a significant component of open marine sedimentation in the 135 
Arctic, whereby the advection of sand and coarser material over developing frazil ice, together with 136 
mud-grade sediment, is also well established (Kempena et al., 1989). Basal meltout beneath floating 137 
ice shelves would also account for IRD, in which the sedimentary pellets may be interpreted as 138 
meltout of till (Tomkins et al., 2008).  139 
In terms of the host strata, dololaminites above Cryogenian glacial successions are classically 140 
considered to result from a massive alkalinity flux stimulated through either carbon dioxide 141 
(Hoffman et al., 1998) or methane (Kennedy et al., 2001) outgassing, through continental 142 
weathering of freshly exposed continental material (Hoffman et al., 2017), or by the precipitation of 143 
whitings during algal blooms within a low salinity meltwater plume (Shields, 2005). Some have 144 
proposed that tillite weathering might account for cap carbonate deposition (Fabre and Berger, 145 
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2012). This latter mechanism has parallels with the proposals of Fairchild et al. (1989) who suggested 146 
that “massive recrystallization of glacially transported carbonate is proposed as a geologically 147 
significant process”. All of these mechanisms require that the dololaminites represent pelagic 148 
materials deposited postglacially in an ameliorated climate. Assuming a global ice cover, energy-149 
balance calculations have suggested a global mean surface temperature swing from -50 C during a 150 
glaciation to approximately +40 C during interglacial (cap carbonate) times (Hoffman and Schrag, 151 
2002, their Fig. 7). Such high temperatures are difficult to reconcile with the scattered occurrence of 152 
the dropstones across hundreds of laminae: a sudden melting mechanism would instead be 153 
expected to release an iceberg armada and intense concentration of dropstones across a single 154 
stratigraphic interval. These textures are not observed at Rasthof Farm. 155 
As precedents, dropstones are now recognised to occur in other Neoproterozoic successions 156 
where according to conventional wisdom they should not occur, such as ca. 1000 Ma (Tonian) ice 157 
rafted debris in Scotland (Hartley et al., 2020). In south China, presence of dropstones in the 158 
Doushanto Formation cap carbonate has been suggested but not fully described (Huang et al., 2016). 159 
Cap carbonate dololaminite facies are often viewed as condensed sedimentation deposits (Kennedy 160 
and Christie-Blick, 2011; Rooney et al., 2020). In the Amadeus Basin, Australia, they may represent 161 
basinal facies which by comparison to other cap dolostones may represent tens of millions of years 162 
(Kennedy and Christie-Blick, 2011). Whilst rates of deposition of the cap dolostones are unknown, 163 
consideration of Cryogenian glacial successions that underlie such sequences point to extremely low 164 
rates of accumulation by comparison to Phanerozoic glaciations (Partin and Sadler, 2016), which 165 
would also be consistent with a “condensed” origin for the glacial facies (Kennedy and Christie-Blick, 166 
2011). If the Rasthof dololaminites do represent many millions of years deposition, then they testify 167 
to the operation of ice-rafting processes over a similar time interval. 168 
The juxtaposition of what have traditionally been regarded as warm water cap carbonates 169 
immediately overlying cold climate diamictites is an intriguing paradox of the Cryogenian icehouse. 170 
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The boundary between the two has been recognised and correlated worldwide and used to attest to 171 
globally synchronous terminal deglaciation at least twice during the Neoproterozoic, with cap 172 
carbonates viewed as isochronous (e.g. Rooney et al., 2020; Yu et al., 2020). The presence of 173 
recurring dropstone horizons in one of the iconic cap carbonates casts suggests that existing models 174 
must be reappraised to incorporate the presence of ice during deposition. It further questions the 175 
chronostratigraphic significance of these deposits as the definitive marker of the end of Cryogenian 176 
glaciation in one locality, inviting a careful reconsideration of their significance on a global scale. 177 
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Figure captions 292 
Figure 1: Geotectonic map of northern Namibia (after Hoffman and Halverson, 2008), showing the 293 
location of the two study areas at Omutirapo (19° 6.999'S, 13° 56.170'E) and Rasthof Farm (19° 294 
20.004'S, 14° 44.272'E). 295 
Figure 2: A. Stratigraphy of the Otavi Group. The maximum age constraint for the Chuos, 747 ± 2Ma, 296 
is based on U-Pb dating of Askevold Formation volcanics in the Ombombo Subgroup (Hoffmann et 297 
al., 2004). The upper glacial unit, the Ghaub, exhibits a 635 ± 1Ma depositional age from U-Pb dating 298 
of ash beds (Hoffman et al., 1996). B: Summary sedimentary logs of the uppermost part of the Chuos 299 
Formation (base not shown) and the lower part of the Rasthof Formation at both Omutirapo and 300 
Rasthof Farm.  301 
Figure 3: Stratigraphic relationships and lonestone-bearing strata at Omutirapo. A: Stratigraphic 302 
contact between sheared diamictites of the Chuos Formation (below the hammer) and dololaminites 303 
of the basal Rasthof Formation (above the hammer). B: a tripartite interval consisting of 304 
dololaminites at the base, normally graded packstone-grainstone in the middle, and dololaminites at 305 
the top. C: ca. 1 m thick floatstone interval sandwiched between dololaminites. This floatstone 306 
interval is the lateral equivalent of the normally graded packstone-grainstone shown in B. D: Detail 307 
of the floatstone bed with sub-rounded to rounded clasts. E: Sheared and attenuated clasts at the 308 
bottom of the floatstone interval in C (next to the head of the hammer).  309 
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Figure 4: Outcrop view of the section at Rasthof Farm, showing vertically inclined strata that young 310 
to the left. The position of the profile in Fig. 2 is shown, as it the location of the lonestone-bearing 311 
strata in the Rasthof Formation. A: Dololaminites with abundant lonestones, many of which show 312 
evidence for impact structures, punctured underlying laminations and undisturbed, draping 313 
laminations. Note also the presence of a “clast cluster” at the bottom right hand corner of the 314 
image. Evidence for normal faults with mm-scale offset, capped by undisturbed laminations, is seen 315 
throughout the section. C and D: Quartz granule in disturbed laminations; note also the presence of 316 
pyrite (Pyr) throughout. E: Two examples of completely isolated lonestones within the dololaminites, 317 
each showing impact structures. F: Thin section image. Upper part is largely undeformed, with 318 
evidence for impact structures beneath lonestones and undisturbed, draping laminations. The 319 
bottom part of the image shows multiple lines of evidence for soft-sediment deformation, including 320 
a normal fault and intralamina folds. These features are interpreted as the products of early 321 
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